Monte Carlo model of electron transport for the calculation of Mars dayglow emissions by Shematovich, V. I. et al.
Monte Carlo model of electron transport for the
calculation of Mars dayglow emissions
V.I. Shematovich, D.V. Bisikalo, J.-C. Ge´rard, C. Cox, S.W. Bougher,
Franc¸ois Leblanc
To cite this version:
V.I. Shematovich, D.V. Bisikalo, J.-C. Ge´rard, C. Cox, S.W. Bougher, et al.. Monte Carlo model
of electron transport for the calculation of Mars dayglow emissions. Journal of Geophysical
Research. Planets, Wiley-Blackwell, 2008, 113 (2), pp.E02011. <10.1029/2007JE002938>.
<hal-00258939>
HAL Id: hal-00258939
https://hal.archives-ouvertes.fr/hal-00258939
Submitted on 7 Feb 2016
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
Monte Carlo model of electron transport for
the calculation of Mars dayglow emissions
V. I. Shematovich,1 D. V. Bisikalo,1 J.-C. Ge´rard,2 C. Cox,2 S. W. Bougher,3
and F. Leblanc4
Received 9 May 2007; revised 7 December 2007; accepted 27 December 2007; published 26 February 2008.
[1] A model of the photoelectron collision-induced component of the Mars dayglow
using recent cross sections and solar flux is described. The calculation of the photoelectron
source of excitation is based on a stochastic solution of the Boltzmann equation using
the direct simulation Monte Carlo method. The neutral atmosphere is taken from outputs
of a global circulation model, and recent inelastic collision cross sections are adopted. The
calculated vertical profiles of the CO Cameron bands and CO2
+ doublet emissions
integrated along the line of sight compare well with the Spectroscopy for the Investigation
of the Characteristics of the Atmosphere of Mars (SPICAM) limb profiles observed with
the SPICAM spectrograph on board Mars Express made at Ls = 166 during the summer
season at northern midlatitudes. The comparison shows agreement to within the
uncertainties of the excitation cross sections. Seasonal changes in the brightness and the
altitude of the emission peaks are predicted with intensity variations in the range 15–20%.
Citation: Shematovich, V. I., D. V. Bisikalo, J.-C. Ge´rard, C. Cox, S. W. Bougher, and F. Leblanc (2008), Monte Carlo model of
electron transport for the calculation of Mars dayglow emissions, J. Geophys. Res., 113, E02011, doi:10.1029/2007JE002938.
1. Introduction
[2] Since 1969, four space missions to Mars have carried
a UV detector on board: the Mariner 6, 7, and 9 spacecraft
[Barth et al., 1971, 1972; Stewart et al., 1972] with UV
spectrometers and the Mars Express mission (MEX) with
the Spectroscopy for the Investigation of the Characteristics
of the Atmosphere of Mars (SPICAM) spectrograph
[Bertaux et al., 2000, 2006]. The best quality UV spectra
of Mars were measured by the Hopkins Ultraviolet Tele-
scope [Feldman et al., 2000] and Far Ultraviolet Spec-
troscopic Explorer [Krasnopolsky and Feldman, 2002]
Earth-orbiting observatories. However, these spectra were
not spatially resolved. The main emission features of the
Martian UV dayglow were observed for the first time by the
Mariner 6, 7, and 9 UV spectrometers in the wavelength range
110–400 nm [Barth et al., 1971, 1972]. Barth et al. [1971]
analyzed the Mariner data and showed that these dayglow
features are mainly produced by photon and photoelectron
excitation of CO2 between 100 and 200 km in altitude.
[3] Recent airglow measurements with the SPICAM
spectrograph confirm the previous observations. According
to Leblanc et al. [2006] the Mariner 9 spectrometer and
SPICAM display the same features within the spectral range
110–305 nm, mainly the H Lyman-a emission at 121.6 nm,
the atomic O multiplets at 130.4 nm and 135.6 nm, the CO
fourth positive (A1PX1S+) band system, several carbon
emission lines between 140 and 170 nm, the CO Cameron
band system (a3PX1S+) between 190 and 270 nm, the
CO2
+ ultraviolet doublet (B2S+X2P) emission near 289
nm, and the O (1S3P) emission line at 297.2 nm. The
relative brightness distribution of the different vibrational
states within the Cameron band system observed by SPI-
CAM is in a good agreement with the Mariner 9 observa-
tions as well as the relative intensities of the CO2
+
(B2S+X2P) emission at 289 nm and of the total Cameron
band system emission [Leblanc et al., 2006].
[4] Theoretical analyses of the different emissions of the
Martian ultraviolet dayglow for the conditions of the Viking
1 measurements were made by Mantas and Hanson [1979]
and Fox and Dalgarno [1979]. Since then some of the main
inputs used to model the airglow emissions such as the solar
flux representation and the excitation cross sections have
been reestimated. To quantitatively analyze the SPICAM
spectra now available, it is useful to rely on an updated
model of electron transport in the Martian thermosphere
since electron impact is among the key processes leading to
excitation of these emissions. Therefore we have developed
a model describing electron transport in the Martian atmo-
sphere using a Monte Carlo algorithm. This model will be
applied to the analysis of some of the ultraviolet emissions
observed with SPICAM.
2. Model of Electron Transport and
Thermalization
[5] We first describe the numerical model used to calcu-
late the photoelectron production and energy degradation in
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the Martian atmosphere. Electron transport is usually treated
by models that can be broadly divided into three categories:
continuous loss models, two-stream or multistream models,
and Monte Carlo models. The models from the latter
category require a sophisticated level of numerical com-
plexity and are time-consuming; however, they integrate
physical processes in a direct way, and at some level they
are the most realistic simulations [Solomon, 2001].
2.1. Photochemical Processes
[6] In the daytime thermosphere of Mars, energetic elec-
trons are produced by photoionization of the main atmo-
spheric constituents by EUV and X-ray solar radiations.
These newly formed electrons are transported in the ther-
mosphere where they lose their kinetic energy in elastic,
inelastic, and ionization collisions with the ambient atmo-
spheric gas:
eðEÞ þ X !
eðE0Þ þ X
eðE0Þ þ X*
eðE0Þ þ Xþ þ eðEsÞ;
8<
:
where E and E0(<E) are the kinetic energies of the primary
electron before and after a collision; X = CO2, CO, O, or N2;
X* and X+ are atmospheric species in excited and ionized
states, respectively; and Es is the energy of the secondary
electron formed in the ionizing collision. We consider the
following neutral and ionized excited states for the main
atmospheric species: (1) excitation and dissociative excita-
tion of CO2* = CO2 (v(010), v(100), v(001), electronic
states at 8.6, 9.3, 11.1, 12.4, and 13.6 eV [see, e.g., Sawada
et al., 1972a]; (2) direct ionization of CO2 ! CO2+(X 2P, A
2P, B 2S, C 2S); (3) dissociative ionization of CO2 ! CO+
+ O, O+ + CO, C+ + O2; (4) excitation of CO* = CO(a
3P, A
1P, electronic state at 13.5 eV [see, e.g., Sawada et al.,
1972b]; (5) direct ionization of CO ! CO+(X 2S, A 2P, B
2S); (6) dissociative ionization of CO ! C+ + O, O+ + C;
(7) excitation of O* = O(1D  1.96 eV, 1S  4.17eV, 3s5S0
 9.29 eV, 3s 3S0  9.53 eV, 3p5P0  10.76 eV, 3p 3P0 
10.97 eV, 3d3D0 12.07 eV, 3s 3’D0  12.54 eV); (8) direct
ionization of O ! O+ (4S, 2D, 2P); (9) direct ionization of
N2 ! N2+; (10) excitation and dissociative excitation of N2*;
and (11) dissociative ionization of N2 ! N+ + N.
[7] If the collision produces ionization, a secondary
electron is created, and an isotropically distributed pitch
angle is randomly assigned as well as an energy, using an
integral form of the approximate formula of Green and
Sawada [1972] and Jackman et al. [1977] based on the
laboratory results of Opal et al. [1971]:
ZEs
0
si;jðEp;E0lÞdE0l ¼ AðEpÞGðEpÞ tan1
Es  T0ðEpÞ
GðEpÞ
 
þ c
 
;
where si,j is the state-specific cross section for species i and
state j at primary electron energy Ep and secondary electron
energy Es, A(Ep), G(Ep), and T0(Ep) are fitting functions
defined by the tabulated parameters of Jackman et al.
[1977], and c = tan1[T0(Ep)/G(Ep)]. By equating the
integral to a random number r, dropping the leading
constants, and solving for Es, randomized secondary
electron generation functions distributed according to the
above parameterizations are obtained:
Es ¼ GðEpÞ tanðr  cÞ þ T0ðEpÞ;
where r has been normalized over the interval 0 to rmax:
rmax ¼ tan1 Esmax  T0ðEÞGðEÞ
 
þ c; Esmax ¼
Ep  Eion
2
:
If the collision is elastic, a new pitch angle is randomly
assigned to the electron using expressions and parameters
developed by Porter and Jump [1978] and Porter et al.
[1987] for angular scattering of electrons. This phenomen-
ological extension to the screened Rutherford formula
allows a backscattering lobe at low energy:
sðqÞ ¼ a 1ð1þ 2g  cos qÞ þ
b
ð1þ 2d þ cos qÞ
 
;
where a, b, g, and d are fit parameters, tabulated as
functions of energy by Porter et al. [1987]. The energy loss
of photoelectrons and secondary electrons is dominated at
low energies by elastic collisions with the ambient
electrons.
[8] For inelastic collisions we use the forward scattering
approximation: it is assumed that the differential cross
section for these collisions is so strongly peaked in the
forward direction that angular redistribution by this process
is negligible. This is a good approximation at all but the
lowest energies. Below 100 eV, there can be considerable
backscatter, particularly from forbidden excitation transi-
tions, but the flux becomes so isotropic and the relative size
of the elastic cross sections becomes so large that this has
little effect on the final pitch angle distribution [Porter and
Jump, 1978].
2.2. Kinetic Equation
[9] The photoelectrons and precipitating electrons lose
their excess kinetic energy in collisions with the ambient
atmospheric particles. Their kinetics and transport is de-
scribed by the kinetic Boltzmann equation:
v
@
@r
fe þ s @
@v
fe ¼ Qe;photoðvÞ þ Qe;secondaryðvÞ
þ
X
M ¼O;CO;N2;CO2
Jðfe; fM Þ; ð1Þ
where fe(r,v), and fM(r,v) are the velocity distribution
functions for electrons and for the species of the ambient
gas, respectively. The left side of the kinetic equation
describes the transport of electrons in the planetary
gravitational field s. In the right-hand side of the kinetic
equation the Qe,photo term describes the formation rate of
primary electrons due to photoionization, while the
Qe,secondary term describes the rate of formation of the
secondary electrons. The elastic and inelastic scattering
terms J for electron collisions with ambient atmospheric
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species are written in a standard form. It is assumed that the
ambient atmospheric gas is characterized by the local
Maxwellian velocity distribution functions.
2.3. Numerical Model
[10] The direct simulation Monte Carlo (DSMC) method
is an efficient tool to solve kinetic equations for atmospher-
ic systems in the stochastic approximation [Shematovich et
al., 1994; Bisikalo et al., 1995; Ge´rard et al., 2000]. The
details of the numerical model have been described earlier
[Shematovich et al., 1994; Bisikalo et al., 1995]. In the
numerical simulations the evolution of the system of mod-
eling particles due to collisional processes and particle
transport is calculated from the initial to the steady state.
In order to minimize boundary effects the lower boundary
was set at an altitude of 75 km, and the upper boundary was
fixed at 250 km, above which the computed excitation rates
are small because of decreasing of neutral densities. The
relative importance of the collisional processes is governed
by their cross sections. The adopted cross sections are
described in Section 3.2.
3. Model Input Parameters
3.1. Photoionization and Photoelectron Production
Rates
[11] Solar extreme ultraviolet radiation photoionizes the
neutral constituents of the upper atmosphere of Mars and
produces fresh photoelectrons and ions. The energy of the
ionizing photons generally exceeds the energy required for
ionization, and the excess energy mainly goes into electron
kinetic energy and into ion excitation energy. The initial
photoelectron energy depends not only on the energy of the
ionizing photon and the ionization potential of the neutral
gas but also on the excitation state of the newly created ion.
The expression used for the photoelectron production rate
Pe(E,z) is
PeðE; zÞ ¼
X
k
X
l
nkðzÞ
Zlk
0
dlI1ðlÞ exp½tðl; zÞ
sikpkðl;ElÞ;
ð2Þ
where the optical depth t is
tðl; zÞ ¼
X
k
sakðlÞ
Z1
z
nkðz0Þdz0;
nk is the number density of the kth neutral constituent, and
sik(l) and s
a
k(l) are the wavelength-dependent total ioniza-
tion and absorption cross sections, respectively. In equation
(2), pk (l, El) is the branching ratio for the excited ion state
with an ionization threshold of El; the photoelectron energy
is equal to E = El  El, where El is the energy
corresponding to wavelength l and lk is the ionization
threshold wavelength for the kth neutral constituent. Finally,
I1(l) is the solar radiation flux at wavelength l outside the
atmosphere. We use the SOLAR2000 research grade v2.27
EUV solar spectrum model which provides fluxes in 39
wavelength bins and emission lines between 1.86 and
105.0 nm wavelengths [Tobiska, 2004].
3.2. Cross Sections
[12] The photoionization and absorption cross section
data and branching ratios for CO2, CO, O, and N2 are taken
from Huebner et al. [1992]. The electron impact cross
sections for excitations of vibrational levels and for elec-
tronic states of CO2 are given by Itikawa [2002] and
Sawada et al. [1972a], respectively. For dissociative exci-
tation of Cameron bands the semiempirical representation
by Sawada et al. [1972a] scaled to the measurements by
Ajello [1971] is routinely used. The upper state CO (a3P) of
the Cameron band emissions is metastable with the rela-
tively long radiative lifetime and is excited both directly by
electron impact and indirectly by cascade. Furthermore,
being a dissociative fragment of CO2, CO (a
3P) molecules
are formed with an excess kinetic energy, and such excited
molecules can escape from the excitation region. Accord-
ingly, the emission of the Cameron system is blended with
other emissions unless the excitation energy is small
[Furlong and Newell, 1996]. Following discussions by
Itikawa [2002] and Furlong and Newell [1996], we
rescaled the Cameron system emission cross section to
the peak value of 2.4  1016 cm2 at 80 eV based on the
measurements by Erdman and Zipf [1983]. Because of the
above mentioned difficulty of measurements the peak
value is likely to have a large uncertainty of more than
a factor of 2. Therefore when comparing the model
calculations with SPICAM observations, it is necessary
to keep in mind this significant uncertainty of the emission
cross section of the Cameron system [Itikawa, 2002].
Cross sections for direct and dissociative ionization of
CO2 were adopted from the compilation by Itikawa
[2002]. All cross sections for CO (excitation and ioniza-
tion) were approximated by semiempirical formulas
[Sawada et al., 1972b]. Cross sections for all processes
of electron impact on O and N2 were taken from Green
and Stolarski [1972], Jackman et al. [1977], and the recent
compilation by Itikawa [2006].
4. Results
[13] To test our model, we first apply it to the conditions
of the Viking 1 measurements, that is, a solar zenith angle of
45 and low solar activity. Fox and Dalgarno [1979]
constructed a model of the Martian atmosphere based upon
Viking 1 data and conducted a comprehensive quantitative
analysis of the measurements of the ultraviolet dayglow.
Comparison of the excitation rates of the two models shows
a very good agreement if we use identical atmospheric
composition and cross sections. In the following we use
the atmosphere extracted from the Mars thermospheric
general circulation model of Bougher et al. [1990, 1999,
2000, 2004, 2006] for a solar longitude Ls = 180, a latitude
of 47.5N, and at 1200 LT. The altitude profiles of the main
neutral species are shown in Figure 1.
4.1. Steady State Fluxes of Electrons in the Martian
Thermosphere
[14] We now illustrate some results on the electron energy
spectra obtained with the Monte Carlo code of electron
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transport. The calculated energy distribution function for
primary (photoelectrons) and secondary electrons at height
135 km is presented in Figure 2 (top). This altitude is
selected since it corresponds to the approximate location of
the maximum energy deposition of electrons. A prominent
dip near 3 eV caused by vibrational excitation of CO2 is
observed. At higher energy the spectrum of primary elec-
trons is highly structured because of the discrete represen-
tation of the solar flux, but collisional energy losses smooth
the spectrum, while the initial structure still exists. The
electron energy distribution in the Martian ionosphere is
characterized by signatures from CO2 [Mantas and Hanson,
1979; Fox and Dalgarno, 1979]. CO2 is ionized by solar
UV photons of wavelength less than 90.2 nm. The dominant
ionization wavelength is associated with the intense solar
He 30.4 nm line, which causes ionization of the CO2
molecule at the Martian exobase, creating a ground state
CO2
+(X2Pg) ion and generating a 27 eV photoelectron
population. Additional photoelectrons are produced with
characteristic energies in the 21–24 eV energy range when
the carbon dioxide ions are formed in the electronically
excited A2Pu and B
2Su
+ states. These are major peaks which
dominate the photoelectron energy distribution in the range
between 20 and 30 eV in the Martian atmosphere (for
details, see of Figure 2 (bottom)). These CO2 ionization
features were recently resolved and identified in the high-
altitude photoelectron observations by the electron spec-
trometer from the Analyzer of Space Plasmas and Energetic
Atoms flown on the Mars Express spacecraft [Frahm et al.,
2006; Liemohn et al., 2006].
[15] The steady state electron fluxes were calculated and
are shown at 135 km in Figure 3. It is seen that the upward
and downward fluxes at the peak altitude of the electron
energy deposition have approximately the same shape,
which indicates the dominant role of collisional processes
over transport, while in the Martian upper thermosphere the
upward flux becomes dominant. All characteristic features
and the shape of the calculated upward electron flux are
very similar to the ones of observed high-altitude photo-
electron flux [see, e.g., Liemohn et al., 2006, Figure 2]. The
direct comparison of the calculated and observed energy
spectra of photoelectrons is hampered because (1) the
observed spectra are shifted in energy because of the
unknown spacecraft charging, (2) an uncertainty exists in
the solar flux spectrum which is taken from Earth-based
empirical model SOLAR2000 v.2.27 scaled to the helio-
centric position of Mars, (3) there is a difference in iono-
spheric location of observations from the range of solar
zenith angles, and (4) the SPICAM electron spectrometer
measurements were made at altitudes above 1000 km
[Frahm et al., 2006; Liemohn et al., 2006].
4.2. Comparison of Model Calculations with SPICAM
Limb Observations
[16] Dayglow SPICAM limb observations cover different
Martian seasons and a wide range of solar zenith angles and
latitudes. The altitudes scanned by the line of sight gener-
ally range between 70 and 400 km. At this date, 46 orbits
with suitable dayglow observations are available. For rea-
sons of telemetry limitations but also because of the time
Figure 1. Altitude profile of the main neutral species for
the case illustrated in this study.
Figure 2. (top) Steady state energy distribution function of
electrons and (bottom) expanded view of the CO2
photoionization peaks calculated at 135 km.
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needed to read all the lines of the charge-coupled device
(CCD), only five adjacent parts of the CCD are read out.
Each part is called a ‘‘spatial bin’’ and is made of 1, 2, 4, 8,
16, or 32 lines of the CCD following a preselected mode
[Bertaux et al., 2006]. Therefore each spatial bin covers a
different region of the atmosphere separated by an angular
distance ranging from 0.7 to 10.2 arc min, depending on the
spatial binning. In the case of orbit 1426 reported here, each
spatial bin includes 16 adjacent pixel lines subtending a
total angle of 10.2 arc min. All these lines are seen through
the small (50 mm) slit, which provides a spectral resolution
of 1.5 nm. The SPICAM CCD is read every second, and
therefore five spatial bins corresponding to five different
and adjacent portions of the SPICAM field of view are
recorded each second. In each individual spectrum, nonuni-
form dark current and offset values are subtracted following
the method described by Leblanc et al. [2006]. The emis-
sion lines are then integrated between selected wavelengths.
A typical dayglow observation during a MEX orbit lasts
20 min, centered on the time when MEX is at pericenter near
260 km. During this period a set of 1200 consecutive
individual sequences are obtained, each lasting 1 s. Finally,
the intensities are calibrated in Rayleighs using well-known
hot stars spectra observed by SPICAM during the mission.
The accuracy of the absolute intensities is believed to be
better than 15% [Bertaux et al., 2006].
[17] For this work we use the airglow observations
obtained with SPICAM during MEX orbit 1426 on 26
February 2005. This orbit was arbitrarily selected from
typical profiles for quiet solar activity conditions. We have
integrated each mean spectrum seen through the small slit
between 180 and 270 nm for the CO Cameron system and
between 280 and 294 nm for the CO2
+(B2S+ X 2P) doublet.
At the time of the observations, Ls = 166.5, the solar
activity index F10.7 was equal to 76.6 at 1 AU, and the Mars
heliocentric distance was equal to 1.50 AU. During the
observations discussed below, the solar zenith angle varied
between 56.3 at 100 km and 43.3 at 180 km but only
changed by 6.8 between 110 and 150 km. A total of 191
spectra were used to generate the SPICAM limb profile
between 100 and 180 km.
[18] In Figure 4 we present the calculated altitude profiles
of the photoelectron impact sources of atomic oxygen 130.4
and 135.6 nm emissions, the major sources of CO Cameron
bands, and CO2
+ (B2S+ X 2P) band system for a solar zenith
angle (SZA) = 48. The segment of Mars Express orbit
1426 considered here covers a range of solar zenith angles.
Figure 4. Altitude profiles of the (top) photoelectron
impact sources of atomic oxygen 130.4 and 135.6 nm
emissions, (middle) major sources of CO Cameron bands,
and (bottom) CO2
+ doublet band system calculated for a
solar zenith angle of 48.
Figure 3. (top) Downward and (bottom) upward electron
fluxes at altitude of 135 km.
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Therefore, to study the effect of the changing solar zenith
angle during the altitude scan, we calculate two additional
cases with SZA = 38 and 58 using the same neutral
atmosphere. CO2
+ dissociative recombination is not included
as a source of CO Cameron bands in the model. To
calculate this source, it is necessary to know not only the
ion and electron densities but the electron temperature as
well. The current model concentrates on electron transport
and does not include ion-molecular chemistry. To evaluate
the contribution of this source, we use the results from the
study by Fox [2004] where the densities of CO2
+ and
electrons were calculated for low solar activity. Using these
values of densities, the electron temperature adopted by
Hanson et al. [1977], the rate coefficient of Seiersen et al.
[2003], and the recent measurements of branching ratios of
dissociative recombination of CO2
+ into the a3P state (equal
to 0.18 according to Skrzypkowski et al. [1998] and Rosati
et al. [2003]), the contribution of the CO2
+ dissociative
recombination can be evaluated. This production rate is
shown in Figure 4 (middle). The contribution of this source
at the peak altitude is less by factor of about 6 than
dissociative excitation by solar UV photons and photo-
electrons; nevertheless, we include it in the calculation of
the CO Cameron bands intensities.
[19] To compare the results of our model with limb
observations, the calculated volume emission rate is inte-
grated along the line of sight, and we select the SPICAM
data for orbit 1426 that correspond to the adopted date. The
integration is performed in such a way that the brightness
for each tangent point altitude is given by
IðztgÞ ¼ 2
Z 1
0
PðsÞetds;
where s is the distance from the tangent point to a point
along the line of sight and P(s) is the corresponding
emission rate. In this integral and for the range of altitudes
considered here, atmospheric absorption of the Cameron
bands and CO2
+ doublet emission is negligible, and the
exponential attenuation factor et is equal to unity. The
factor of 2 comes from the symmetry of the integral with
respect to the tangent point.
[20] The calculated and extracted CO Cameron bands
emission rates versus altitude are given in Figure 5. The
comparison for CO2
+ (B2S+X2P) doublet is displayed in
Figure 6. The observed limb profile was averaged over all
five bins as was done by Leblanc et al. [2006]. In addition,
the variability between different spatial bins and the statis-
tical noise of measurements is shown as error bars in
Figures 5 and 6. It is seen that the calculated and observed
intensities both for CO Cameron bands and for CO2
+
(B2S+X2P) are in a good agreement. The peaks of the
Cameron bands are located at the same positions within the
vertical resolution of the model (±2.5 km). However, the
model predicts a peak altitude for CO2
+ (B2S+X2P) about
5 km below the observed altitude. The difference in peak
Figure 5. Limb profiles of calculated and observed CO
Cameron bands emission rate for MEX orbit 1426. The
diamonds show the binned intensities observed by SPI-
CAM, while the lines correspond to the limb brightness
calculated with this model for three different solar zenith
angles. The variability of the emission rate observed in the
five spatial bins and the statistical noise are shown by error
bars.
Figure 6. Limb profiles of calculated and observed CO2
+
(B2S+X2P) doublet band system emission rate for orbit
1426. The diamonds show the binned intensities observed
by SPICAM, while the lines correspond to the limb
brightness calculated with this model for three different
solar zenith angles. The variability of the emission rate
observed in the five spatial bins and the statistical noise are
shown by error bars.
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intensity for CO Cameron bands is about 30%. For the CO2
+
(B2S+X2P) doublet the calculated intensities differ from
observations by only 10%, which is well within the uncer-
tainties of electron impact cross sections. The differences
are thus less than the uncertainties in the input parameters of
the model. The difference between the observed and the
modeled intensities may be considered as small and quite
acceptable considering the (1) uncertainties on the absolute
calibration of the spectrograph, (2) statistical noise due to
the count rate and background subtraction, (3) differences
between the measured (or calculated) excitation cross sec-
tions of Cameron and CO2
+ bands existing in the literature,
(4) rather large uncertainties on the neutral atmosphere, and
(5) presence of intensity gradients observed with SPICAM
which exceed those expected between adjacent regions of
the atmosphere.
4.3. Seasonal Variations of the CO Cameron Bands
and CO2+ (B2S+X2P) Band System Intensities
[21] To evaluate the seasonal variations of the Martian
dayglow emissions, we have conducted two additional
calculations for 14 August 2004 (F10.7 = 138.6 and the
Mars heliocentric position at 1.67 AU) and 19 August 2005
(F10.7 = 98.5 and the Mars heliocentric position at 1.39 AU).
Together with the case of 26 February 2005 (F10.7 = 76.6),
described in section 4.2, these calculations correspond to
three different seasons with Ls = 73.8 (summer solstice),
166.5 (autumn equinox), and 271.8 (winter solstice) in the
northern hemisphere. The atmosphere for these dates was
again extracted from the Mars thermospheric general circu-
lation model [Bougher et al., 2004, 2006]. All calculations
were conducted for noontime and for a solar zenith angle of
48. The solar fluxes were adopted from the SOLAR2000
research-grade v2.27 EUV solar spectrum model and were
scaled as (1/rMS)
2, where rMS is the heliocentric position of
Mars for the dates given above. With such scaling the F10.7
indexes of solar activity at Mars orbit are equal to 49.7 for
14 August 2004, 39.1 for 26 February 2005, and 50.0 for
19 August 2005. It is seen that solar activity levels
for summer and winter solstices were practically the same.
In addition, the time shifting to account for the solar
longitude difference between the Earth, Mars, and Sun can
be estimated using the technique given by Mitchell et al.
[2001]. We used the estimates of this effect using the Mars
UV proxies from the Web site (http://sprg.ssl.berkeley.edu/
brain/) of the Space Sciences Laboratory of the University
of California, Berkeley, and found that both Mars distance
and Sun-Earth-Mars phase angle resulted in values of 32.5,
36.6, and 38.0 of solar activity indices at Mars for the dates
under study.
[ 2 2 ] The ca lcu la ted CO Cameron bands and
CO2
+(B2S+X2P) band system intensities at the limb versus
the altitude of the tangent point are given in Figures 7 and 8,
respectively. It is seen that the seasonal effect induces
intensity variations in the range of 15–20%. These varia-
tions are interpreted as a seasonal effect because the solar
activity levels are relatively close for the Mars seasons
considered in the present study. It is necessary to keep in
mind that the procedure described above to scale the solar
UV flux at Mars is an approximate one. The most signif-
icant feature is the increase of the peak altitudes for both CO
Cameron and CO2
+ (B2S+X2P) band systems between
northern summer and winter solstice conditions. This
Figure 7. Limb profiles of calculated CO Cameron bands
emission rate for three values of the solar longitude (Ls =
73.8, summer solstice; 166.5, autumn equinox; and
271.8, winter solstice) at noontime and solar zenith angle
of 48.
Figure 8. Limb profiles of calculated CO2
+ (B2S+X2P)
band system emission rate for three seasons. (Ls = 73.8,
summer solstice; 166.5, autumn equinox; and 271.8,
winter solstice) at noontime and solar zenith angle of 48.
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change reflects the variation of the atmospheric pressure
between the two seasons and the corresponding variation of
the altitude of the pressure levels.
5. Conclusions
[23] A Monte Carlo model of the electron transport for
the calculations of the collision-induced component of the
Mars dayglow emissions has been developed. Additional
contributions of direct solar excitation are included, and the
model has been compared with SPICAM observations of
CO and CO2
+ FUV emissions. It is found that the model
reproduces well the observations with the adopted values of
collision and excitation cross sections. The peak altitudes
are approximately the same for both CO Cameron bands
and the CO2
+ (B2S+X2P) doublet. The differences between
those calculated for a mean value of SZA = 48 and
observed emission rates for the CO Cameron bands and
CO2
+ (B2S+X2P) doublet are less than 30 and 10% in the
peak region, respectively. Such comparison appears satis-
factory because the uncertainties in the value of the excita-
tion cross section of the CO Cameron bands by electron
impact are more than a factor of 2. Calculations suggest the
presence of seasonal variations of the altitude of the peak
emissions of the CO Cameron bands and CO2
+ (B2S+X2P)
bands. This model will be used for further detailed analysis
of the Martian and Venusian dayglow observations.
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